We propose a simple physical model that predicts the optical properties of a class of microstructured waveguides consisting of high-index inclusions that surround a low-index core. On the basis of this model, it is found that a large regime exists where transmission minima are determined by the geometry of the individual high-index inclusions. The locations of these minima are found to be largely unaffected by the relative position of the inclusions. As a result of this insight the difficult problem of analyzing the properties of complex structures can be reduced to the much simpler problem of analyzing the properties of an individual high-index inclusion in the structure. S. E. Barkou, J. Broeng, and A. Bjarklev, "Silica-air photonic crystal fiber design that permits waveguiding by a true photonic bandgap effect," Opt. Lett. 24, 46 (1999).
Microstructured optical waveguides are becoming of great importance in several emerging areas, including micrometer-scale novel photonic devices and integrated microcircuits [1] [2] [3] [4] [5] . One variant of these structures is the microstructured optical fiber (MOF), or holey fiber. These structures are essentially dielectric cylinders with multiple inclusions running along their lengths [6, 7] . In these waveguides light is channeled through the core in one of two ways: total internal reflection (when the refractive index of the core is higher than that of the cladding), or coherent scattering from a microstructured cladding (typically when the refractive index of the core is lower than that of the cladding). The latter type can be subdivided into two categories: (1) waveguides with a solid core and high-index inclusions, and (2) those with air-core and air-holes.
A thorough characterization of an MOF (or any other waveguiding structure) involves describing many different features, including the transmission, dispersion, modal distribution, etc. Of these, the ability to predict transmission characteristics is essential, as it provides the location of high transmission regions and transmission minima, and is therefore helpful in the design of new waveguides and devices.
Most theoretical studies of light propagation in MOF structures were performed numerically [8] [9] [10] [11] , often via the widely used plane wave expansion method [8] . Although powerful, these direct numerical simulations do not always provide an understanding of the physical mechanisms behind the light propagation. In this paper we put forth a simple physical model for the optical properties of a class of microstructured waveguides consisting of high-index inclusions that surround a low index core shown in Fig. 1 . These waveguides have been investigated by a number of research groups, who have shown that they exhibit several novel properties including periodic spectral responses, strong dispersion and tunability [7, 12, 13] . Of these, the ability to tune the transmission spectra is of particular interest, as it has strong potential in new devices such as tunable filters and dispersion compensators.
Models to describe the guiding properties of a few specific microstructured optical waveguides have been given previously. In Ref. [14] the properties of a class of onedimensional planar or concentric ring waveguides were studied in the context of antiresonant reflections from multiple cladding layers. It was shown that the spectral properties of these waveguides are principally determined by the index contrast and the thickness of the highindex layers, rather than by the lattice constant.
In this paper we present a general description of a class of microstructured fibers and waveguides with low index core and high index inclusions. We show that some of their important spectral properties can be described using a simple analytical formalism based on the normal modes of the high index inclusions. The formalism suggests that an important regime exists where the transmission minima of the entire waveguide structure are determined only by the geometry of individual high-index inclusions. As a result of this insight the complex and difficult problem of analyzing the propagation of light through the core can be reduced to the much simpler problem of analyzing the properties of an individual high-index inclusion. It should be noted that the structures described in Ref. [14] represent a subset of those to which the present analysis is applicable.
The structures under investigation in this work are: (a) a planar waveguide with a lowindex (n 1 ) core surrounded by alternating layers of high (n 2 ) and low (n 1 ) indices; (b) a concentric ring waveguide composed of layers of similar indices; and (c) a MOF with a lowindex core surrounded by high-index (n 2 ) cylindrical inclusions. These are shown below in Fig. 1 (a), (b) , and (c) respectively. For the analysis of planar and ring structures we will consider the location of the resonances in the transmission spectrum; the latter quantity being defined as T(λ) = P out (λ)/P in (λ), where P in and P out are the total powers in the core of the waveguide into which a Gaussian beam has been launched. The predictions are compared to numerical calculations of the transmission spectrum, which can be easily obtained using the beam propagation method or similar techniques [9, 14, 15] .
In the model presented here, each high-index inclusion (layer) of the structure is considered as a waveguide that supports normal modes, along with their associated modal cutoff conditions. Modal cutoff corresponds to the wavelength at which the high-inxed inclusion switches from supporting n+1 modes to n modes. We show that minima in the transmission spectrum occur at these wavelengths. Care should be taken to differentiate between the two kinds of modes: low-index core modes and the modes of the high-index inclusions. 
where m = 1,2,…In this equation (and throughout the discussion), we assume that the core modes propagate at glancing angles in the low index core. A brief discussion of this assumption is in order. While Eq. (1) is the exact modal cutoff condition for the modes launched and propagating in the high-index waveguide with a low-index surrounding medium, the geometry considered here in fact is different. Light is originally launched in the low-index core. The size of the low-index core a and the transverse component of the propagation vector in the low-index core k 1x defines the modes supported by the low-index core. Light impinging on the interface between the low-index core and a high-index inclusion with the angle θ 1 partially refracts according to the Snell's law. The lowest order core mode is defined by k 1x a = π, where k 1x = 2πn 1 λ sin(θ 1 ). The transverse component of the propagation constant in high-index region then given by [12] 
When λ / a << 1, k 2x is identical to k ex . From the equation for the lowest order mode in the low-index core we find that the condition λ / a << 1 is equivalent to sin(θ 1 ) = λ/(2n 1 a) <<1, which corresponds to our glancing angle assumption. For higher order core modes the condition Nλ/(2n 1 a) <<1 should be satisfied in order for Eq.
(1) to remain valid.
The exact analytical solution for the ring waveguide (shown in Fig. 1(b) ) is very complicated and can be found in reference [16] . An approximate eigenvalue equation for the modes of this waveguide and an equation describing the cutoff conditions in weakly guiding approximation have been derived in Ref. [17] . It has been shown that in the limit of large core radius and small values of d/a the ring waveguide can be regarded as a slab waveguide that is rolled into a tube. In this limit the cutoff conditions for the modes of this waveguide approach those for a slab waveguide, i.e. the equation (1).
Clearly the simple model proposed here is valid only in the regime where the high-index inclusions support modes. Thus it is valid only for λ/d ≤ 2 n 2 2 − n 2 1 (so-called "short wavelength regime" [14, 15] ).
A comparison of the predictions for the planar and ring structures obtained from Eq.
(1) with numerical simulations found using the beam propagation method, is shown in Fig. 2 (b), along with a schematic of modal cutoff ( Fig. 2(c) ). The simulations were performed on a single layer (ring) structure ( Fig. 2(a) ), however, the position of the transmission minima does not change in this short wavelength regime when more layers are added [14, 15] . Adding layers results in better mode confinement within the core and the appearance of fine structure in the high loss regions (transmission minima).
When a wavelength approaches the cutoff condition for a particular mode of a high index layer (ring) predicted by Eq. (1), the layer becomes "transparent" and light escapes from the central core resulting in minima in the transmission spectrum. This condition can be viewed as the transverse frequency resonance of the high index layer. In Ref. [14] we used an antiresonant reflecting optical waveguide model to predict transmission resonances of the waveguides shown in Figs. 1(a) and 1(b) . According to this model each layer in the multilayered cladding can be considered as a Fabry-Perot resonator. Narrow band resonances of this FP resonator correspond to transmission minima for the light propagating in the core, or "resonant" wavelengths of the low-index core waveguide. Wide antiresonances of the FP resonator correspond to a high transmission coefficient for the low-index core waveguide. In general, high transmission of the light in the low index core at a particular wavelength for a particular core mode can be guaranteed by proper choice of thicknesses of both high-and lowindex layers such that they satisfy an antiresonant condition. The antiresonant condition for a high-index layer is given by k ex d = π(2m+1)/2, m=0,1,2… and for a low-index layer by b = (2l+1)a/2, l=0,1,2… for fundamental core mode [12] . In the structures considered in this paper b is typically less or equal a/2. This non-optimized thickness of low-index regions results in some fine structure in the high loss region in the vicinity of the transmission minima predicted by Eq. (1) and higher loss in "high transmission regions". Throughout this paper we call the spectral regions between two minima "high transmission regions", although the actual transmission may be not very high especially in single layer structures such as shown in Fig.  2(a) . Along with verifying the accuracy of our predictions for the transmission minima, Fig.  2(c) shows schematically that the excited modes of the high-index inclusions are predominantly of higher order. Since the refractive index of the core is lower than that of the inclusion, only the mode of the inclusion with effective refractive index closest to the refractive index of the core is phase matched. Figure 2(d) shows the evolution of oscillations in the high index layer (inclusion) for the wavelengths just above the resonance, in the middle of high transmission region, and just before the next resonance. The number of oscillations gradually evolves from eight to seven as the wavelength crosses one transmission region.
Our analysis now shifts to that of the MOF shown in Fig. 1(c) (similar to the one in Ref. [7] ). We previously confirmed using the multipole method that the locations of the transmission minima are nearly the same for multiple rings of cylinders structure as for its single ring counterpart [18] . It was shown that the positioning of the inclusions around the low-index core has little effect on the transmission minima, only changing the actual value of the loss in the "high"-transmission region and the effective refractive index of the core mode. In this study we are only interested in the positions of transmission minima and therefore, we can again reduce a three-layer geometry ( Fig. 1(c) ) to a single-layer one, in this case a ring consisting of six cylinders. In Ref. [18] we showed that the transmission minima are determined by the scattering properties of individual cylinders, however it was not obvious how to relate the scattering cross section arguments with the properties of planar and ring type inclusions. Here we show that the transmission minima of any microstructured waveguide with low index core and high index inclusions are determined by the cutoffs for the modes of the high index inclusions, as long as these inclusions support the modes.
Again we look for the location of the transmission minima in the MOF to be at the modal cutoff locations of the individual cylindrical inclusions. The natural modes of the most general circular cylinder with arbitrary isotropic internal and external media are given by Stratton [19] .
The resonant condition is found from the eigenmode equation for TE, TM and EH modes J l (k ex a) = 0 using the cosine approximation for J l (k ex a) (where J l is the Bessel function of order l) when k ex a>>l, where a = d/2
and can be written as follows:
m = 1,2,… Again, we have assumed glancing angles of incidence.
In Fig. 3 the analytical predictions of Eq. (2) are compared to numerical results obtained using the multipole method. The results shown in Fig. 3(a) are for the lowest order mode of the core (shown in the inset to the figure). The locations of the minima predicted by Eq. (2) are indicated by the dashed lines. The spectrum corresponds to propagation in a 0.1cm-long structure. As expected, MOFs consisting of a single ring of cylindrical inclusions are quite lossy even at the wavelengths far from resonance. Light leakage between the inclusions contributes to this loss. The accuracy of the analytical model was also verified by comparing the resonant wavelengths for different cylinder radii (obtained through numerical simulation) to those predicted by the model. This is shown in Fig. 3(b) . This figure shows a fine structure within the high loss regions even for a single ring of high index inclusions. Part (c) of the figure shows the resulting modal structure (longitudinal part of the Poynting vector S z ) in the inclusions, while the transverse cross-sections of S z for wavelengths above and below the resonance are given in Fig. 3(d) . Again, these figures confirm that the (n+1) th mode transfers into the n th mode as the wavelength passes the transmission minimum. It should be noted, that if we compare the resonant wavelengths obtained from Eqs. (1) and (2) for the same parameter d (see Fig. 1 ), we find that resonant wavelengths of the MOF with cylindrical inclusions are out-of-phase with those of the planar structures for the same d, n 1 , and n 2 . This means that wavelengths of minimum transmission in planar structures have high transmission in MOFs. This result follows from the cutoff (resonant) conditions (1) and (2) that can be written as k ex d = mπ and k ex d = (m+1/2)π respectively, where m is an integer number.
While closed-form analytical solutions for the modal cutoff can be found in a limited number of cases, we can always predict the cutoff wavelengths for other geometries of the high index inclusions numerically. Therefore, this study suggests that using the present approach transmission minima of any microstructured waveguide with low index core and high index inclusions of arbitrary shape can be found, as long as each inclusion forms a waveguide.
In summary, we found that a large regime exists where the positions of transmission minima of microstructured optical waveguides with low-index core and high-index inclusions can be found by calculating the cut-off wavelength for the modes of high-index regions, and thus depend only on the mode structure of those inclusions. The complex problem of analyzing the properties of complex microstructured waveguides is thereby reduced to the much simpler problem of analyzing an individual high-index inclusion. Analytical predictions were confirmed by numerical simulations.
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